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I discuss in some detail the spin-flavour conversions of neutrinos in the almost
isotopically neutral region of collapsing stars alongwith the resulting experimental
signatures. In particular, I show that for realistic magnetic field strength, the
observable effects may exist for neutrino magnetic moment, µ ∼ (2−3)×10−14µB
(µB is the Bohr magneton) with relevant neutrino mass squared difference, ∆m
2
∼
(10−9 − 10−8) eV2.
1 Introduction
In this contribution, I consider a possibility to study effects of the neutrino
magnetic moments, µ, using the neutrino bursts 1. The spin-flip effects are
determined by the product, µB, where B is the strength of the magnetic field.
In vacuum (no matter), the spin-flip probability may be of the order 1, if
µ
∫
dr′B(r′) ≥ 1, (1)
where the strength of the magnetic field is integrated along the neutrino tra-
jectory. Let us suggest the following magnetic field profile
B ≃ B0
(r0
r
)k
, (2)
with B0 ∼ (1012 − 1014) Gauss, k = 2 − 3, and r0 ∼ 10 km, where r is the
distance from the center of star. For sufficiently large upper limit of integration,
one gets from (1),
µB0 ≥ k − 1
r0
, (3)
resulting in µ ≥ (10−15−10−17)µB. These numbers look encouraging, being 3
- 5 orders of magnitude below the present upper bound2. The presence of dense
matter strongly reduces a sensitivity to µ. Forward neutrino scattering results
in neutrino level splitting: ∆H = VSF , where VSF is the difference of the
effective potentials acquired by the left and right handed neutrino components
in matter. Typically VSF ∼ V0, where
V0 ≡
√
2GFn, (4)
1
is the total potential, GF is the Fermi constant and n is the nucleon num-
ber density. The level splitting suppresses the depth of precession: AP =
(2µB)2
(2µB)2+(∆H)2 , and to have AP ≥ 12 , one needs, µB ≥ 12VSF . In dense medium
this restriction is much stronger than (3). The suppression of the matter den-
sity results in the increase of the sensitivity to µ. This is realized in the case
of the resonant spin-flavour conversion. Now the expression for AP in usual
notations become
AP =
(2µB)2
(2µB)2 +
(
VSF − ∆m22E
)2 , (5)
and in the resonance (VSF = ∆m
2/2E) one gets AP = 1. This contribution is
organized as follows. In Sect. 2, I describe the effective potential in collapsing
stars. In Sect. 3, the level crossing and the dynamics of neutrino propagation
is briefly considered. In Sect. 4, I discuss some possible implications of the
results.
2 Isotopically neutral region
For spin-flavour conversions, e.g., νeL → ν¯µR, ν¯eR → νµL, the matter effect is
described by the potential
VSF = V0 (2Ye − 1), (6)
where Ye is the number of electrons per nucleon. In isotopically neutral medium
(No. of protons = No. of neutrons), one has Ye =
1
2 , and according to (6)
VSF = 0. Consequently, the matter effect is determined by the deviation from
the isotopical neutrality.
Below the hydrogen envelope of a type II supernova the layers follow which
consist mainly of the isotopically neutral nuclei: 4He, 12C, ... . Thus the region
between the hydrogen envelope and the core is almost isotopically neutral.
The deviation from the neutrality is stipulated by small abundances, ξi, of the
elements with small excess of neutrons, i = 22Ne, 23Na, ... . It can be written
as
(1 − 2Ye) ≈
∑
i
ξi
(
1− 2Zi
Ai
)
, (7)
where Zi and Ai are the electric charge and the atomic number of nuclei “i”,
correspondingly. Typically, one gets
∑
i ξi ≤ 10−2 and (1 − 2ZA ) ≤ 10−1, and
therefore, according to (7): (1− 2Ye) ≤ 10−3. The value of (2Ye − 1) equals
(2Ye − 1) =


0.6− 0.7 hydrogen envelope,
−(10−4 − 10−3) isotopically neutral region,
−(0.2− 0.4) central regions of star.
(8)
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Consequently, in the isotopically neutral region the potential VSF is suppressed
by more than 3 orders of magnitude w.r.t the total potential V0. The potential
is calculated using the model of the progenitor with mass 15M⊙ (where M⊙ is
the solar mass) 3.
3 The dynamics of the neutrino conversions
Two conditions are essential in studying the dynamics of neutrino conversions:
level crossing and the adiabaticity.
Consider a system of two massive neutrinos with transition magnetic mo-
ments and vanishing vacuum mixing. The diagonal elements of the effective
Hamiltonian, Hα (α = νe, ν¯e, νµ, ν¯µ), can be written as
He ≡ 0, He¯ ≡ −V0 (3Ye − 1),
Hµ ≡ △m
2
4E
− V0 Ye, Hµ¯ ≡ △m
2
4E
− V0 (2Ye − 1). (9)
The level crossing conditions read as Hα = Hβ (α 6= β). Let us mention here
that the typical relevant neutrino energy span is E ∼ (5− 50) MeV.
The adiabaticity condition in the resonance for spin-flip effects reads
κ ≡ 2(2µB)
2
pi|V˙SF |
≥ 1. (10)
Here V˙SF ≡ dVSF /dr and κ is called the resonance adiabaticity parameter.
Let us define the precession bound for the product (µB)P as
(µB)P =
1
2
VSF . (11)
At (µB) = (µB)P , the precession may have the depth AP = 1/2. Let us also
introduce the adiabaticity bound (µB)A using the adiabaticity condition (10):
(µB)A =
√
pi|V˙SF |
8
. (12)
The suppression of VSF makes the precession effect more profound. Clearly,
(µB)P < (µB)A in the hydrogen envelope and (µB)P > (µB)A in the center
of star. In the isotopically neutral region one has (µB)P ∼ (µB)A. Instead
of µB, in further discussion I will give the estimates of the magnetic fields at
µ = 10−12µB.
3
The adiabaticity and the precession bounds determined by the density
distribution should be compared with the magnetic field profile of star. The
strength of field profile (2) with k = 2 and B0 = 1.5 · 1013 Gauss is practically
everywhere below both the adiabatic, BA, and the precession, BP , bounds
(µ = 10−12µB) which means that spin-flip effects are rather weak.
4 Implications
It is convenient to introduce three types of original spectra: soft, Fs(E), mid-
dle, Fm(E), and hard, Fh(E), which coincide with original νe, ν¯e, and νµ
spectra, respectively. If there is no neutrino conversions, then at the exit:
F (νe) = Fs, F (ν¯e) = Fm, F (νne) = 4Fh. (13)
Here νne mean νµ, ν¯µ, ντ and ν¯τ . Let us find the signatures of the spin-flavour
conversions, as well as the sensitivity of the ν-burst studies to the neutrino
magnetic moments.
4.1 Sensitivity to magnetic moments and magnetic fields
As pointed out in Sect. 1, the suppression of the effective potential (by 3 − 4
orders of magnitude) diminishes the strength of the magnetic field (magnetic
moment) needed for a strong spin-flip effect. The adiabatic and the precession
bounds decrease by 1.5− 2 and 3 − 4 orders of magnitude respectively. I will
define the sensitivity limit Bs(r) in a given point as the strength of the magnetic
field, for which PLZ(r) ∼ 0.75, where PLZ is the Landau Zener probability.
According to the estimates in Sect. 3, the sensitivity bound can be about 3
times smaller than the adiabaticity bound: Bs ≈ BA/3.
For the oscillation solution of the atmospheric neutrino problem (∆m2 ∼
10−3 eV2) 4 the resonance is at r ∼ (2 − 3) · 10−3 R⊙, and Bs ∼ 109 Gauss.
At r ≈ 0.3R⊙ one gets Bs ∼ (2 − 3) · 104 Gauss. This region corresponds to
values ∆m2 = (10−9− 10−8) eV2 which are interesting from the point of view
of the resonant spin-flip in the convection zone of the Sun 5.
4.2 Bounds on µB from SN1987A
The spin-flip νµ → ν¯e leads to an appearance of the high energy tail in the ν¯e
spectrum at the Earth:
F (ν¯e) = (1 − Ps)Fm + PsFh , (14)
where Ps is the conversion probability. Note that in (14) Ps can be close to 1,
in contrast with averaged vacuum oscillation effect which gives P ≤ 1/2.
4
The absence of the distortion of the ν¯e energy spectrum, and in particular,
the absence of the high energy tail, gives the bound on µB as function of
∆m2. For a class of supernovae models the data from SN1987A allow to get
the restriction Ps < 0.35 with the assumption that Ps does not depend on
energy 6. The sensitivity limit obtained in Sect. 4.1 gives an estimate of the
upper bound on µB(r).
5 Conclusion
For neutrino mass squared differences ∆m2 < 10 eV2 (which are interesting for
the cosmology, as well as for the physics of solar and atmospheric neutrinos)
the resonant spin-flavour conversions (νe → ν¯µ etc.) take place in almost
isotopically neutral region of collapsing star. In this region which extends
from ∼ 10−3R⊙ to ∼ R⊙ the deviation from the isotopical neutrality, 2Ye − 1,
can be as small as 10−4 − 10−3. Correspondingly, the matter potential for
the spin-flavour conversions, being proportional to (2Ye − 1), turns out to be
suppressed by 3 - 4 orders of magnitude. Moreover, the potential changes sign
at the inner edge of the hydrogen envelope.
The suppression of the effective potential in the isotopically neutral region
diminishes the values of (µB) needed to induce an appreciable spin-flip effects
by 1.5 - 2 orders of magnitude.
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